We report a comprehensive study of the quantum-state correlation property of product pairs from reactions of chlorine atoms with both the ground-state and the CH stretch-excited CHD 3. In light of available ab initio theoretical results, this set of experimental data provides a conceptual framework to visualize the energy-flow pattern along the reaction path, to classify the activity of different vibrational modes in a reactive encounter, to gain deeper insight into the concept of vibrational adiabaticity, and to elucidate the intermode coupling in the transition-state region. This exploratory approach not only opens up an avenue to understand polyatomic reaction dynamics, even for motions at the molecular level in the fleeting transition-state region, but it also leads to a generalization of Polanyi's rules to reactions involving a polyatomic molecule. Over the past decades, there has been tremendous progress in experimental characterization of the structure of the transition state, notably by using the spectroscopic probes (2-4). Transition-state spectroscopy experiments performed to date are essentially the half-collision type in which the transition state is directly accessed either through photodetachment of negative ion precursor in a frequency-resolved experiment (3) or by the femtosecond pump-probe, time-resolved approach (4). As elegant and informative as those experiments are, half-collision results, in general, do not depict a full picture of how the reactants transform into the products. One way to think of this is as follows. The basic idea of a typical half-collision experiment is to initiate the reaction at transition state by a photoexcitation process. By virtue of photoabsorption, the total angular momentum, that is, the partial wave or the impact parameter, of the reactive system is then well specified and often limited to the lowest few quantum numbers in a restricted geometry of the Franck-Condon region. Consequently, the half-collision results are greatly simplified and more amenable to theoretical tests. In contrast, a chemical reaction inevitably constitutes the contribution from collisions with a full range of impact parameters and orientations. The resultant wave-interference patterns, arising from the coherent sum of scattering amplitudes of many partial waves, are manifested in the full-collision attribute such as product angular distribution (5, 6), which cannot be readily accounted for by the few-partial-wave, half-collision approach. On the horns of a dilemma, a full-collision experiment usually deals with asymptotic properties of the reaction, thereby rendering direct probes of the fleeting transition state difficult.
We report a comprehensive study of the quantum-state correlation property of product pairs from reactions of chlorine atoms with both the ground-state and the CH stretch-excited CHD 3 . In light of available ab initio theoretical results, this set of experimental data provides a conceptual framework to visualize the energy-flow pattern along the reaction path, to classify the activity of different vibrational modes in a reactive encounter, to gain deeper insight into the concept of vibrational adiabaticity, and to elucidate the intermode coupling in the transition-state region. This exploratory approach not only opens up an avenue to understand polyatomic reaction dynamics, even for motions at the molecular level in the fleeting transition-state region, but it also leads to a generalization of Polanyi's rules to reactions involving a polyatomic molecule.
mode-specific chemistry ͉ Polanyi's rules ͉ product pair correlation O ne of the central concepts in understanding chemical reactivity is the idea of the transition state (1) . When two reactants collide to form reaction products, old bonds are broken and new bonds formed. This bond breaking and forming process must then occur over a molecular configuration intermediate between reactants and products, and this intermediate region of potential energy landscape is what chemists refer to as the transition state. The transition state is often located near the top of a potential barrier and acts as a bottleneck in a chemical reaction. The properties of the transition state therefore determine the reaction rate, as well as many of the more detailed observables from scattering experiments.
Over the past decades, there has been tremendous progress in experimental characterization of the structure of the transition state, notably by using the spectroscopic probes (2-4). Transition-state spectroscopy experiments performed to date are essentially the half-collision type in which the transition state is directly accessed either through photodetachment of negative ion precursor in a frequency-resolved experiment (3) or by the femtosecond pump-probe, time-resolved approach (4) . As elegant and informative as those experiments are, half-collision results, in general, do not depict a full picture of how the reactants transform into the products. One way to think of this is as follows. The basic idea of a typical half-collision experiment is to initiate the reaction at transition state by a photoexcitation process. By virtue of photoabsorption, the total angular momentum, that is, the partial wave or the impact parameter, of the reactive system is then well specified and often limited to the lowest few quantum numbers in a restricted geometry of the Franck-Condon region. Consequently, the half-collision results are greatly simplified and more amenable to theoretical tests. In contrast, a chemical reaction inevitably constitutes the contribution from collisions with a full range of impact parameters and orientations. The resultant wave-interference patterns, arising from the coherent sum of scattering amplitudes of many partial waves, are manifested in the full-collision attribute such as product angular distribution (5, 6) , which cannot be readily accounted for by the few-partial-wave, half-collision approach. On the horns of a dilemma, a full-collision experiment usually deals with asymptotic properties of the reaction, thereby rendering direct probes of the fleeting transition state difficult.
Here, we propose an approach to delineate the dynamical aspects of the transition state in a full-collision experiment by tracking the energy flow along the reaction path. We previously introduced an experimental method to unfold the state-specific correlation of coincident product pairs in polyatomic reactions (7) (8) (9) . More recently, we exploited the product pair-correlation approach to elucidate mode-selective chemistry of the Cl ϩ CHD 3 (v 1 ϭ 1 or v 3 ϭ 1) 3 HCl ϩ CD 3 (v ϭ 0) reaction (10) . In the latter study, we found that, contrary to the current perception, C-H stretch (v 1 ) excitation is no more efficient than an equivalent amount of translational energy in enhancing the reaction rate; CD 3 bend (v 3 ) excitation is only moderately more efficient. These unexpected results then raised an important question: How do we understand the observed differential reactivity between polyatomic reactant vibration and translation from the perspective of Polanyi's rules (11, 12) ? The work reported here presents an all-important complement to resolve the apparent paradox by mapping out the complete energy-flow pattern through correlating as many coincidently formed product pairs as possible to an initially prepared reactant state. What emerged is a conceptually appealing picture in which the cooperative motion of atoms in passing through the transition state can be visualized. In addition, this conceptual framework leads naturally to a generalization of Polanyi's rules to a reaction involving polyatomic molecules. prepared the CHD 3 reactant, before the collision center, with one-quantum excitation along the C-H stretching bond via the v 1 ϭ 0 3 1, R(1) transition at 3,005.57 cm Ϫ1 (15) . After the collision, the reaction products, either CD 3 or CHD 2 radicals, were probed by (2 ϩ 1) resonance-enhanced multiphoton ionization (REMPI) spectroscopy Ϸ331-339 nm depending on the REMPI bands (16) (17) (18) , and a time-sliced ion velocity imaging technique mapped the state correlation of coincidently formed coproducts HCl or DCl (7) (8) (9) . (Under the experimental conditions of this study, the estimated scaling (up) factors for probing the 2 1 , 2 2 , and 2 3 states of CD 3 radical are 9.0 Ϯ 0.5, 3.5 Ϯ 0.5, and 16.4 Ϯ 2.0, respectively. The notation of 2 i refers to the vibrational mode 2 (the umbrella-bend) with i-quantum excitation.) Pair-correlated state and angular distributions were then exploited, in light of available ab initio theory (19) (20) (21) (22) , to unveil the microscopic reaction pathways. We further sharpened the comparison with the result of a ground-state reaction at either the same initial translation energy (E c ) or the higher E c with an equivalent amount of total energy (vibration ϩ translation). Fig. 1 presents several raw images with the probe laser frequencies fixed at the peak of the Q branch of the respective REMPI bands. The vibronic band notation in the figure is such that 2¦ designates the spectroscopic transition involving the v 2 (umbrella-bend) mode with one-quantum excitation each in both the electronically ground state (the subscript) and the electronically excited state (the superscript). Methyl product state was probed with the IR-excitation on and off in an alternative manner. Very small signals from the C-H stretchexcited reaction were also detected for one-quantum excitation in the v 4 (in-plane bend) and the v 3 (antisymmetric stretch) modes of the CD 3 product, but they were too weak to be quantified. No other CD 3 or CHD 2 modes showed detectable signature from the C-H stretch-excited reaction, although some of them indicated very weak signals from the ground-state reaction. It is quite remarkable that, despite numerous product states being energetically accessible, so few product vibrational modes are active in this reaction. Typical signals for vibrationally excited methyl products shown in Fig. 1 were only a few percent of that for the ground-state product. In addition to the less favorable REMPI-detection sensitivity when probing the vibrationally excited products than the 0 0 0 origin band (16) , the loss in signals from the C-H stretch-excited reaction also arises from the fact that only Ϸ20% of reactants were excited by the IR laser (10, 13, 14) .
The energetics of the reaction are well defined: the reaction endothermicities are 1.73 and 1.94 kcal/mol for the H and D atom abstraction channels, respectively. E c was kept Ϸ8.1 kcal/ mol and the initial ro-vibration excitation of CHD 3 (v 1 ϭ 1, j ϭ 2) adds another 8.63 kcal/mol to the total energy. (The K quantum number of CHD 3 was not resolved in this study.) By conservation of energy and momentum, the maximum velocities of the coproduct HCl (or DCl), recoiling from the state-selected CD 3 (or CHD 2 ), in different vibration states were calculated and identified as the ringlike features on images in Fig. 1 . The clear separation between the rings indicates unequivocally the low rotational excitation of the HCl (or DCl) coproduct. The relative intensity of the ring on a given image reflects the probability for the coincident formation of the corresponding HCl or DCl state. The intensity around each ring then gives an immediate impression about the preferred scattering direction of the product state.
[Superimposed on each image in Fig. 1 is a red arrow, pointing to the 0 0 -angle that is defined as the direction (in the centerof-mass frame) of the initial CHD 3 beam.] Inspection of the image reveals rich variations not only among different methyl product states, but also for a given state under the three different experimental conditions. Such variations are better appreciated, after data analysis, in terms of the pair-correlated vibration branching and angular distribution (7, 8) . As indicated in Fig. 1 , the inner ring on each of the three CD 3 IR-on images (Left, top three) constitutes two nearly degenerate components. (Recall that the vibrational energy of stretch-excited reactants is 8.63 kcal/mol and the formation of HCl(vЈ ϭ 1) requires at least 8.24 kcal/mol.) A forward ringlike feature that is absent on the IR-off image ( Fig.  1 Center) corresponds to the concomitantly formed HCl(vЈ ϭ 1) from the stretch-excited reaction. In the side-and backscattering directions, however, the signal of this product pair overlaps with the contribution of the HCl(vЈ ϭ 0) pair from the ground-state reactants that are unpumped by the IR laser. To disentangle the pair-correlated angular distribution of the stretch-excited reaction from the IR-on image, the fraction of C-H stretch-excited reactants (typically Ϸ20%) in the CHD 3 beam was first determined by the threshold method (13) . By scaling down the IR-off angular distribution by 0.20 to account for the unpumped ground state CHD 3 and subtracting it from the IR-on data, the genuine distribution from the stretch-excited reaction was then uncovered from the overlapped ringlike feature. The results of such analysis, along with those for the outer rings, are summarized in Fig. 2 .
For the Cl ϩ CHD 3 (v 1 ϭ 1) 3 HCl(vЈ) ϩ CD 3 (v i ) reaction, all three product pairs associated with HCl(vЈ ϭ 1) display a similar angular pattern (Fig. 2 A) : a sharp forward peak superimposed on a nearly isotropic component. The sharpness of the forward peak, however, descends in the order of (1, 0 0 ) s Ͼ (1, 2 1 ) s Ͼ (1, 2 2 ) s . Here, the product-state pair is labeled as follows: the For the ground-state reaction (Fig. 2C ), the angular distribution of the (0, 0 0 ) g pair displays a characteristic sideways peak accompanied by a sharp cutoff against forward scattering, indicative of a direct reaction mechanism governed by large impact-parameter collisions, that is, peripheral dynamics (23) (24) (25) . The distributions for (0, 2 1 ) g and (0, 2 2 ) g also exhibit the sharp forward cutoff, albeit more backscattered, suggesting a direct rebound mechanism with significantly more contributions from smaller impact-parameter collisions than the (0, 0 0 ) g pair. This trend corroborates well with the chemical intuition that for a collinear Cl-H-C transition state, the smaller impactparameter collisions will preferentially lead to the umbrellaexcited CD 3 products. Comparing Fig. 2 B and C, the formation of some scattered products near the 0 0 -angle for the (0, 0 0 ) s , (0, 2 1 ) s , and (0, 2 2 ) s pairs (Fig. 2B ) is particularly noteworthy (see below). Aside from these forward-scattered features, it is intriguing to note that the global shapes of the angular distributions for (0, 0 0 ) s and (0, 2 1 ) s resemble those for (0, 2 1 ) g and (0, 2 2 ) g , whereas the distributions for (0, 2 2 ) s and (0, 0 0 ) g seem alike in appearance.
As to the DCl ϩ CHD 2 isotope channel (Fig. 2D) , the observed angular distributions for all product pairs from either the ground-state or the CH stretch-excited reactant are virtually identical. The dominance of side-and back-scattered products is reminiscent of typical direct abstraction reaction governed by rebound mechanism (1).
Visualizing the Cooperative Atomic Motions While a Chemical Reaction Is Taking Place
The Conceptual Framework. To shed more light on the dynamics underlying the intricate angular pattern, we examined the relative branching ratio of the product-state pair. In deriving the branching ratio of each pair, we normalized its flux to the (0, 0 0 ) g pair from the ground-state reaction at E c ϭ 8.1 kcal/mol. Both the fraction of stretch-excited reactants (Ϸ20% of total) and the different detection sensitivity when probing the excited CD 3 products (16) were taken into account in the HCl ϩ CD 3 channel. Relative sensitivities of detecting CHD 2 (v ϭ 0 and v 1 ϭ 1) are yet to be calibrated; thus, their normalizations are just based on signal strengths and are independent of the HCl ϩ CD 3 channel. The final results are summarized in Fig. 3 , along with the adiabatic correlation of the relevant vibrational energy levels leading to both isotopic product channels.
By using the reaction path Hamiltonian approach (26), previous ab initio calculations of isotopically analogous reactions mapped out the minimum energy path and the evolution of the vibrational frequencies of various modes along the reaction path (19) (20) (21) (22) . By adding the theoretically calculated vibration frequencies (with isotope corrections) to the minimum energy path, we connected the vibrational energy levels according to their symmetries, employing the rule that energy levels for vibration of the same symmetry do not cross (26) .
Theory predicted that as the Cl atom approaches the H end of CHD 3 , the chemical interaction induces a static curvature coupling (i.e., coupling of a vibrational mode to the reaction coordinate induced by the curvature of the reaction path) between the C-H stretching (v 1 ) motion and the reaction coordinate, resulting in a significant decrease of its frequency in the transition-state region (19) (20) (21) (22) and allowing energy flow between this mode and the reaction coordinate. Similar behavior was found for the CD 3 umbrella mode (v 3 ), yet other modes show little variation in frequencies. Theoretical calculations further predicted that these two active vibrations (v 1 and v 3 ) significantly couple to each other via Coriolis interactions (21) , that is, the intermode mixings induced by the twisting of the two transverse vibrations about the curved reaction path as the reaction proceeds. Both curvature and Coriolis couplings are particularly strong near the shaded regions in Fig. 3 . As the Cl atom approaches the D atom, however, the CD 3 symmetric stretch (v 2 ) is now brought to couple to the reaction coordinate (19) . Near the transition state, it mixes extensively with the umbrella mode (v 3 ), the CD 3 rock (v 6 ), and possibly the CD 3 deformation (v 5 ) mode. In contrast, the C-H stretching frequency now becomes invariant, in accord with the chemical intuition that the nonreacting C-H bond behaves as a spectator when the Cl atom attacks the D end of CHD 3 . Fig. 3 is, of course, merely the vibrational correlation diagram. Vibrational motion rarely behaves entirely adiabatically during the course of a chemical reaction. Moreover, in analogy to the electronic Bohn-Oppenheimer approximation (1), the concept of vibrational adiabaticity is rooted on the relative time scales of the vibrational period and the interaction time. Although the latter is governed by the ''slow'' motion of the two heavy reactants in the present reaction, the adiabatic concept could become blurred for the low-frequency modes. Keeping this in mind and allowing for vibrational nonadiabaticity, Fig. 3 serves as our starting point for visualizing, at least in a qualitative sense, the energy flow while bond breaking and bond formation are taking place.
To make the concept more concrete and to set the stage for further discussion, Fig. 4 classifies the limiting behaviors of different vibrational modes in a chemical reaction. Reactant vibration is called conserved if it is retained as one of the vibrational motions of the product. During the reaction, it can either remain as a spectator (i.e., preserving its mode character with the vibrational frequency nearly unchanged throughout the reaction path) or behave adiabatically (i.e., preserving the vibrational quantum number but with varying frequencies due to the static curvature coupling to the reaction coordinate). In the former case, vibrational excitation in the nonreactive bond (spectator) does not actively participate in the reaction; thus, the initial excitation in that bond is likely to be retained in the final product vibrational distribution. In the adiabatic case, energy exchanges between the vibration and the motion along the reaction coordinate can occur; thus, an adiabatic vibration is an active participant in the reaction. Another type of active mode is the transitional vibration (27) , for which the vibrational motion of the reactant, usually of a low-frequency mode, does not correlate to any product vibration, rather it evolves into the rotation and translation of the departing products.
In general, the activity of a reactant vibrational mode will fall into at least one of the above types: spectator, adiabatic, and transitional. Although a spectator (transitional) mode is always conserved (active), the adiabatic mode can partake in both behaviors in a reaction. It should also be pointed out that the classification here refers to the limiting cases and is not always unambiguous. A given mode may change its activity from one type to the other along the reaction path due to the curvature and intermode Coriolis couplings. Consequently, the occurrence of bifurcating reactive fluxes into multiple microscopic reaction paths may well be a norm rather than an exception.
As the Cl Atom Abstracts the Stretch-Excited H Atom.
A recent study on the ground-state Cl ϩ CHD 3 reaction demonstrated that nearly 98% of products were the ground-state pair (0, 0 0 ) g when CD 3 (v ϭ 0) was probed (10); a similar result was obtained for Cl ϩ CH 4 (25) . Detailed analysis of the IR-off images (Fig. 1) revealed that the relative branching ratios of the (0, 2 1 ) g and (0, 2 2 ) g pairs to (0, 0 0 ) g at E c ϭ 8.1 kcal/mol (Fig. 3, green bars) are merely 0.05 and 0.01, respectively, which increase slightly to 0.07 (or 0.19/2.7) and 0.05 (or 0.14/2.7) even at E c ϭ 16 kcal/mol (Fig.  3, blue bars) . The ground-state reaction is therefore, by and large, vibrationally adiabatic. Previous experiments on reactions with umbrella-excited CHD 3 (10) or CH 4 (28) demonstrated the dominance of the (0, 0 0 ) b product pair; its angular distribution is almost identical to that from the ground-state reaction at the same E c , suggesting instead a predominantly nonadiabatic pathway. In other words, because of the strong curvature coupling in the entrance valley, the umbrella-bending vibration of methane actually behaves as a transitional mode rather than as an adiabatic mode that would have yielded the (0, 2 1 ) b product pair by vibrational correlation.
For the C-H stretch-excited reactant, the reaction proceeds initially over the v 1 ϭ 1 potential energy surface at long range. As the intermolecular distance decreases, a (avoided) crossing of the v 1 ϭ 1 and v 3 ϭ 3 (labeled as 3v 3 in Fig. 3 ) adiabatic curves in the entrance valley could mix in some CD 3 umbrella-bending character into the C-H stretching motion. Around S 1 ϳ Ϫ0.5 amu 1/2 bohr, strong curvature couplings take place, resulting in a bifurcation of reactive trajectories into a vibrationally nonadiabatic as well as the adiabatic pathways. As can be envisioned from Fig. 3 , energy flowing out of the initially deposited C-H stretch will be greatly facilitated, via Coriolis couplings, by the proximate umbrella-excited energy surfaces near the shaded regions. Compared with the branching ratios for (0, 2 1 ) g and (0, 2 2 ) g from the ground-state reaction (Fig. 3, green or blue bars) , the analogous product pairs from the C-H stretch-excited reaction (Fig. 3, red bars) show significantly larger ratios, in support of this interpretation. In conjunction with the strong curvature couplings of both (stretching and umbrella-excited) active modes to the reaction coordinate (19) (20) (21) (22) , a cascading energy flow could lead to a higher population in the ground-state pair (0, 0 0 ) s than the (0, 2 i ) s pairs, which is exactly shown in Fig. 3 .
The above nonadiabatic reaction path is a direct mechanism, yet it is mediated by the umbrella motion and invokes a different reaction profile from the ground-state reaction. Observation of different angular distributions for the (0, 0 0 ) s and (0, 0 0 ) g pairs (Fig. 2) is therefore not too surprising. As to the v 2 -excited product pairs (0, 2 1 ) s and (0, 2 2 ) s from the stretch-excited reaction, additional pathways might also come into play (see below). Nonetheless, the striking contrast in the general appearance, as alluded to earlier, between the two sets of analogous pair-correlated angular distributions from the ground and stretch-excited reactant states (Fig. 2 B vs. C) is intriguing and calls for further theoretical work for deeper understanding.
Not all reactive trajectories undergo nonadiabatic transitions; those that remain vibrationally adiabatic will retain their original character in the sense that the one quantum of stretching excitation is preserved within the Cl-H-C moiety of the colliding pair. Those trajectories could be temporarily trapped by the dynamic well associated with the stretch-excited adiabatic curve in the transition state region (Fig. 3) , allowing more time for energy redistribution (10, 25) . Angular distributions for the (1, 0 0 ) s , (1, 2 1 ) s , and (1, 2 2 ) s product pairs (Fig. 2 A) are distinct from the corresponding pairs with HCl(vЈ ϭ 0) products (Fig. 2B) , showing a forward peak on top of an isotopic component-a characteristic distribution for reaction involving a short-lived complex (6, (29) (30) (31) (32) (33) . We assert that those products paired with HCl(vЈ ϭ 1) are produced predominantly from a complexforming pathway, and conceivably are mediated through a resonance state trapped by the dynamic well (10, 25) .
Further intracomplex energy redistribution might occur before the resonant complex decays adiabatically to the HCl(vЈ ϭ 1) product pairs. In particular, the proximity of the (0, 2 2 ) curve near S 1 Ϸ0 amu 1/2 bohr suggests that it is a competing nonadiabatic path. The inverted branching ratios between (0, 2 2 ) s and (0, 2 1 ) s , 0.79 vs. 0.50 (Fig. 3) , support this view. The observation that the relative reactive fluxes in the forward direction (Fig. 2B) , which could be regarded as the imprint of the vibrationally nonadiabatic decay of resonant complexes, decrease progressively in the order of (0, 2 2 ) s Ͼ (0, 2 1 ) s Ͼ (0, 0 0 ) s also closely corroborates this scenario. It is worth noting that from the branching ratios listed in Fig. 3 , the excited HCl(vЈ ϭ 1) pairs from the C-H stretch-excited reaction (Fig. 3, red  bars) collectively account for Ϸ30% of total reactivity of the HCl ϩ CD 3 isotope channel. Treating it as a rough estimate of vibrational adiabaticity, the overall nonadiabatic pathways appear quite facile.
As the Cl Atom Attacks the Unexcited D Atoms. For the other isotope channel DCl ϩ CHD 2 , only three product pairs, (0, 1 1 ) s , (1, 0 0 ) s , and (0, 0 0 ) s , are significantly populated from the C-H stretchexcited reactant. Theory predicts that the C-H stretching frequency hardly changes as the Cl atom attacks the D atoms (19) , implying that the initial C-H excitation remains localized as a spectator in forming the adiabatically correlated product pair (0, 1 1 ) s . And the shape of the C-H stretch-excited reaction path for forming the (0, 1 1 ) s pair should be nearly identical to that for producing the (0, 0 0 ) g pair from the ground-state reactant (Fig.  3) . If the stretch-excited reaction indeed proceeds adiabatically, then the angular distribution of the (0, 1 1 ) s pair should be similar to the (0, 0 0 ) g distribution. That is exactly what we observed (Fig.  2D ). Yet, the measured branching ratios (the red bars) showed significant variance with that from the ground-state reaction (either the green or blue bars). In particular, the adiabatically correlated (0, 1 1 ) s pair accounts for only 30% of total reactivity of this isotope channel (a value identical to the other isotope channel may be fortuitous), in significant deviation from the adiabatic expectation or the spectator paradigm (34, 35) that the initial excitation of the unreactive C-H bond survives as the (0, 1 1 ) s product pair. Therefore, the initial C-H excitation is counterintuitively not a mere spectator when a D atom is abstracted.
The angular distribution for the dominant (0, 0 0 ) s pair in the D atom abstraction channel is virtually identical to the other two pairs (Fig. 2D) . The formation of the (0, 0 0 ) s pair, however, must involve a facile nonadiabatic pathway to funnel the energy initially deposited in the C-H bond into the rotational and translational motions of the departing products. What kind of cooperative nuclear motions might partake in redistributing the initially localized C-H stretching energy as the Cl atom is abstracting a D atom? Theoretical calculations suggested that the CD 3 symmetric stretch (v 2 ) mode of CHD 3 is an active mode in this isotope channel (19) . As depicted in Fig. 3 , we conjectured that several proximate combination modes involving the v 2 mode of CHD 3 , for example, v 2 ϩ v 6 , are the plausible candidates for nonadiabatic transitions, as illustrated by the dashed circle, in the entrance valley. [The rocking vibration v 6 is a transitional mode, which preferentially leads to the rotational and translational motions of reaction products (19) .] The shape of the reaction path for v 2 ϩ v 6 is uncertain because of the strong mixings between the v 6 and v 3 /v 5 modes in the transition-state region, thus, plotted as a dashed line in Fig. 3 . Tentatively, the reaction starts with a C-H stretch-excited reactant in the entrance valley. Near the circled region, Ϸ30% of reactive fluxes stay adiabatic and eventually yield the (0, 1 1 ) s product pair; the other 70% of reactive fluxes make a nonadiabatic transition to the combination-mode-excited path. As the reaction proceeds further, extensive couplings occur around S 2 ϳ Ϫ0. 
Mode-Specific and Bond-Selective Reactivity
These issues are at the heart of polyatomic reactivity and have been actively pursued both experimentally (10, 28, (34) (35) (36) (37) and theoretically (19) (20) (21) (22) in recent years. We have reported a strong mode specificity in terms of pair-correlated distributions for two different modes of excitation: the C-H stretch and umbrella bend of the Cl ϩ CHD 3 3 HCl ϩ CD 3 reaction (10). As presented above (Fig. 3, the colored bars) , sharp contrasts on the pair-correlated branching ratios in both isotope channels are also noted when compared with the C-H stretch-excited and groundstate reactions. It is insightful here to have a global view of the total reactivity, that is, the sum of the pair-correlated branching ratios in each isotopic channel, under three different experimental conditions.
For the DCl ϩ CHD 2 channel, the total reactivity of the ground-state reaction at E c ϭ 8.1 kcal/mol (Fig. 3, green bar) , the C-H stretch-excited reaction at the same E c (the sum of the red bars), and the ground-state reaction at 16 kcal/mol (the blue bars) are 1.0, 0.94, and 2.47, respectively. A total reactivity of 0.94 for the C-H stretch-excited reactant is not much different from the ground-state reactivity of 1.0 at the same E c . In other words, although the initial one-quantum excitation of the C-H stretch (a spectator bond here) exerts enormous effects on product state distributions that deviate from the spectator picture because of the breakdown of vibrational adiabacity, it does not alter much the total reactivity of the D atom transfer channel. The latter conclusion seemly conforms to the spectatorbond paradigm that the vibrational energy in the nonreacting bond yields little effect on the reaction rate (34, 35) . Hence, spectator or not depends on the measured quantity.
As to the HCl ϩ CD 3 channel, the total reactivity of the ground-state reaction is 1.06 (the sum of the green bars) and 3.1 (the blue bars) at E c ϭ 8.1 and 16 kcal/mol, respectively; and the relative reactivity for the stretch-excited reactant at 8.1 kcal/mol becomes 4.44 (the red bars). Hence, with the equivalent amount of total energy, the stretching vibration is more effective than pure translation energy by a factor of Ϸ1.4 (or 4.44/3.1) in this isotope channel. This finding seems in accord with the expectation of Polanyi's rules, as well as with the chemical intuition that the vibrational energy is directly deposited into the bond (C-H) to be broken. However, the enhancement factor of 1.4 for a stretch-excited reactant is virtually the same as that obtained for a bend-excited reactant (10) . Thus, the preferential promotion of total reactivity by vibration in the HCl ϩ CD 3 channel does not appear to be mode-specific.
Moreover, when both isotope channels are considered, the combined enhancement factor by stretch-excitation, (4.44 ϩ 0.94)/ (1.06 ϩ 1.0) ϭ 2.61, turns out to be nearly the same as the translational enhancement of 2.7, that is, (3.1 ϩ 2.47)/(1.06 ϩ 1.0). In other words, vibration is no more efficient than translation in promoting the overall reactivity. These seemingly conflicting views about the reactant vibrational effects-more effective in one isotope channel but not in overall reactivity-stem from the different activities of the C-H stretch-excitation partaking in the two isotopic product channels: behaving as an adiabatic/transitional mode in the H atom abstraction channel and as a spectator/transitional mode when the D atom is transferred. Consequently, although the C-H stretching vibration is more effective than translation in promoting the formation of HCl ϩ CD 3 , the converse is true for the DCl ϩ CHD 2 channel.
In terms of the overall isotopic product branching ratio [HClϩCD 3 ]/[DClϩCHD 2 ], the stretch-excited reactant increases the ratio from 1.06 for ground-state reactant at E c ϭ 8.1 kcal/mol to 4.72 (or 4.44/0.94), which is to be compared with a value of 1.26 (or 3.1/2.47) for translationally hot ground-state reaction. This differential isotope effect between the stretch-excitation and translational energy, or the preferential cleavage of the excited C-H bond, is a manifestation of bond-selective chemistry (36, 37) .
A Renaissance of Polanyi's Rules for Polyatomic Behavior
How do we reconcile the present viewpoint with the venerable Polanyi's rules (11, 12) that are taught in textbooks to understand the energy disposal and requirement in a direct atom ϩ diatom reaction (1, 38)? Transition-state structure in an exothermic three-atom reaction is, in general, reactant-like according to Hammond's postulate (1); thus, an attractive surface or an early barrier is predicted by Polanyi's rules. Because the barrier is located in the entrance valley where the potential shape transverse to the reaction coordinate is not yet strongly perturbed by the intermolecular interactions, the (diatomic) reactant vibrational frequency should not alter significantly. Hence, from Fig.  4 , the reactant vibration behaves as a spectator during motions up to the transition-state region, and little vibrational enhancement in reactivity is expected. However, for an endothermic A ϩ BC reaction, the structure of the transition state will be product-like and the barrier lies late in the exit valley. As the reaction proceeds and before the transition state, the colliding pair must pass through the corner-cutting region where the vibrational frequency orthogonal to the minimum energy path changes because of the curvature coupling to the reaction coordinate, facilitating the energy exchange between the initial vibration excitation and the motion along the reaction coordinate. Therefore, the vibrational energy of reactant becomes effective in promoting reaction rate and yields translationally hot products.
Reactant vibration is now active and often behaves as a transitional mode in reaction.
As one might surmise from the above, the premise behind our approach to extending Polanyi's rules to a polyatomic reaction is the recognition of different activities or responses of multiple vibrational modes toward the interacting atom (Fig. 4) . Although the numbers of the vibrational modes with motions orthogonal to the reaction coordinate scale as 3N-7, which can be quite large as the size of molecule increases, possible types of their activities in a reaction may remain quite limited. (Taking the present 6-atom reaction as an example, the number of internal (or vibrational) degrees of freedom of the system evolves from 9 on the reactant side to 12 at the transition state, and to 7 for the two molecular products. During the course of chemical reaction, one of the 12 degrees of freedom near the transition state corresponds to the reaction coordinate and the other 11 modes are the vibrational motions orthogonal to the reaction path.) Illustrating in this report a prototypical Cl ϩ CHD 3 reaction outlines our attempt to qualitatively comprehend the dominant factors that govern the polyatomic reactivity. Theoretically, we adopted the reaction path Hamiltonian approach, along with previous high-level ab initio calculations for an approximate yet illuminating elucidation of the mode activities and the intermode couplings to account for vibrational nonadiabaticity. Experimentally, product pair correlation was exploited to disentangle the intricate pathways at the vibrationally correlated level (Fig. 3) . Putting them together, the cooperative nuclear motions during the course of a chemical reaction were qualitatively decoded and then unveiled. Depending on the motional response, different vibration modes will exhibit different mode-or bond-selective behaviors. Hence, within the conceptual framework proposed here, the ''generalized'' Polanyi's rules can be regarded as a ramification or the other side of the coin of mode-specific reactivity.
